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Abstract
Flame-spread over solid fuels in presence of an opposed flow field has received
increasing attention over the last forty years, due to its implications in fire
safety and combustion of solid propellants. The opposing flow can be due to
a buoyancy-induced flow, forced flow, or a combination of them. A vertical
wind tunnel was used to generate flow velocities in the range of 0-100 cm/s,
against which a laminar flame spread along the fuel sample. In this work
the influence of the boundary layer over the sample on the flame-spread rate
has been experimentally investigated using cellulosic fuel (filter paper) and
PMMA; results show that the actual velocity seen by the flame embedded in
the boundary layer (called equivalent velocity) leads to a decreasing spread
rate while the flame is going downward, even for constant free stream veloci-
ties. This behavior can be justified relating the residence time, and therefore
the Damköhler number, to the equivalent velocity; thus the flame enters in
the kinetic regime before expected, eventually causing local blow-offs and
the complete extinction of the flame. The distance from the sample edge
to the point where extinction occurred increased with higher flow velocities,
suggesting that extinction could be determined by a critical equivalent ve-
locity; an easy-to-use formula has been proposed accordingly with results for
both fuels, in order to predict the length over the sample at which extinction
occurs knowing the free stream velocity.
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Chapter 1
Introduction
1.1 Diffusion and premixed flames
Combustion has been fundamental in the progress of the mankind since the
beginning of civilization, and it became crucial after the industrial revolution
for the increasing number of applications as well as for a better understanding
of the involved phenomena. It is therefore not surprising that nowadays
combustion represents a very wide field of science, with the most diverse
researches that seemingly have little in common, but that actually share the
basic principles of the phenomenon.
Generally speaking, combustion can be defined as a process in which a
fuel (or more than one) is subjected to a transformation, in particular an
exothermic chemical reaction if considered as a whole.
Since chemical reactions require a certain distance between molecules
of the various species involved to occur, the gaseous form is advantageous
because molecules are more free to move. This is the reason why combustion
occurs mainly in gaseous phase (usually liquids burn after vaporization).
Chemical reactions are essentially oxidation-reduction reactions, where
the reducing agent is the fuel. Even though many times combustion is ex-
pressed by a global reaction, that doesn’t really happen; indeed that reaction
is the result of a huge number of elementary reactions that can be either
exothermic or endothermic, and represent the steps that actually occur.
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However, even for the simplest processes, the sequence of elementary
reactions is so long and hard to characterize that many times is convenient
to consider just the main reaction.
In other words we can define combustion as the result of complicated
interactions of many aspects of physics and chemistry, which can be summa-
rized as follows:
• Chemical aspect: nature of the fuels, which determines the kind of el-
ementary reactions that have to occur (simultaneously or not) to con-
tinue the combustion
• Heat transfer: chemical reactions rise the temperature that affects the
rate of reaction itself. Heat transfer is present whenever there is a
temperature difference between two locations, and it can take place
through conduction, radiation or diffusion resulting from the motion of
the molecules
• Mass transfer: combustion occurs in a medium (usually gas) and its
motion will be of two types. The first being the convective motion
of particles that make up the flame and the second is the diffusion of
one or more species in the medium. Gas motion is generated by a
flow supplying the flame or it’s due by buoyancy effects (in a gravita-
tional field), where the hot gases go upward and the cold gases replace
them. Diffusion instead is related to composition differences of the gas
between two different points (concentration gradient)
All these elementary phenomena are simultaneous and closely linked together
and each plays an important role.
Flames are typical consequences of combustion, even though are not al-
ways present. They are regions in which the gas-phase fuel (obtained from
the pyrolysis or vaporization of the fuel) and the oxidizer react and release
heat.
The flame will keep burning only whether every combustion aspect works
correctly. They determine the flame structure and its geometry, even if the
shape slightly varies on the basis of local conditions.
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Flames can be divided in two categories according to the way in which
oxidizer and fuel are mixed:
• Diffusion or non-premixed flame: the region where the chemical reac-
tions occur is separated from the region where there is the oxidizer
(outside of the flame) and the gas mixture that contains the reducing
gas (inside the flame). Chemical reactions need the presence of two
different species that arrive from different locations
• Premixed flame: this is the case of chemical reactions that need just
one species (explosion danger) or where fuel and oxidizer are previously
mixed in the combustion site
The shapes and colors (not always) of premixed and diffusion flames are very
different; the former typically has blue color and it propagates through the
mixture with a narrow flame front, while the latter is usually yellow and
orange and it is relatively close to the fuel surface. Actually in many cases
flames have both a premixed and a diffusion regions, as we will see later. An
example of diffusion and premixed flames is represented in figure 1.1.
However, the disparity between diffusion and premixed flames doesn’t
mean that their nature is different; what actually changes is just the inter-
action between the various aspects discussed above.
1.2 Flame behavior
The simplest thing that anyone could associate to a flame is a candle, because
it was very common in the past and it became important in the collective
memory, but that is absolutely not true; a candle flame involves the phase
change of the solid stearin into a vapor inflammable mixture, which is oxi-
dized by the air around, while the gravity field (through buoyancy) gives the
familiar tapered shape and regulates heat convection.
Moreover, the flame moves downward as long as there is stearin to burn;
in other words the flame spreads along the candle direction, complicating the
problem.
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Figure 1.1: Diffusion flame over solid fuel (on the left) and premixed flame ob-
tained by mixing of air and ethanol (on the right).
Ideally a simpler flame could be the one generated by a device containing
both oxidizer and fuel that burn without the influence of gravity (or at least
in a micro-gravity field such as onboard of the International Space Station);
in this case the flame, more precisely the premixed flame, would be fixed
in the same space location, and its geometry would result from the mixing
performances of the injector (the shape would be spherical since the hot gases
are not lighter than the cold ones anymore). Yet the prevalent kind of heat
exchange in this case is radiation, since there is no induced flow around the
flame.
Disparate is the case of diffusion flames in micro-gravity: the fuel needs
in fact a certain amount of oxidizer, or better an oxidizer flow, that persists
in contact with the fuel for “enough time”. The required oxidizer flow rate is
determined by the type of fuel and stoichiometric coefficients in the complete
reaction (at least in first approximation), and the generally called enough
time, properly called chemical time, is the time required by the involved
reactions to occur.
In a normal gravity field all of these considerations are still valid, but
some aspects will be more important than others (i.e. heat radiation is
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usually negligible for small flames), and the mixing of reactants will be much
easier thanks to buoyancy effects.
We have seen so far that flames will be very different from each other
according to the role played by the various aspects mentioned in the previous
section, and now we can focus our attention on the features of the problem
analyzed in this thesis. The first thing that characterized our problem was
the choice to adopt a solid fuel.
The flame structure over solid fuels was deeply investigated by De Ris,
who introduced the concept of the triple-flame [1]. He considered indeed the
flame divided into three flame fronts; the first being generated by the mixing
of the oxidizer (coming from the ambient) and the gas-phase fuel (coming
from the source). Reactions then occur along the second flame front, when
the reactants reach the ignition temperature. What remain of reactants after
that either oxidizer or fuel is consumed will diffuse toward the main flame
front [1].
It should be noted that the term “fire” has never been used, but instead
we talked about “flames”. The reason is simple: the term fire reminds huge
scales, while flames intuitively imply small scales; we focused our attention
on flames since they can be considered as a limiting case of fire, or at least
attributes of it, but not vice versa.
Moreover, we referred to the advancement of the flame with the term
“spread” and not “propagation”; indeed the term spread suggests the presence
of a burning surface, while propagation characterizes more wavelike flames
that move toward regions that are not close to the fuel surface.
In general there are two types of flame-spread, indeed flames can burn
perpendicularly to the fuel surface and along the surface; when the former is
small compared to the latter we are talking about a flame-spread problem [2].
1.3 Flame-spread
Flame-spread studies may be categorized in many ways, i.e. chemically (type
of fuel), physically (phase of fuel), geometrically (shape of fuel), dynamically
(direction of the flow), etc [2].
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In the present work the flame-spread study was conducted over solid
fuels, in particular the case of an opposed-flow condition was inspected. This
typical configuration has been studied over the last four decades, and it is
very important because is related to ignition transient in solid propellants,
fire-safety and a basic understanding of combustion phenomena [2–12].
The fuels considered in the present work are cellulosic paper (filter paper)
and polymethylmethacrylate (PMMA), because they have been used since
the beginning of this field of research and therefore a large amount of data
can be found in literature with which to compare the results.
Furthermore, filter paper allows an excellent combustion without charring
or other residuals, while PMMA has good burning properties and it was first
used because it was a common solid propellant binder [13,14].
In the experiments carried on for the present work solid fuels were thin,
with thicknesses on the order of about 50-400 microns; the solid-phase cross
section was then assumed to be so thin that temperature variation was neg-
ligible and the only variation could verify along the sample length [2].
Indeed being the thickness small compared to the conduction length in
the solid fuel the cross-section was heated up in a small amount of time,
which could be neglected for our purposes. Conduction and heat transfer in
the direction orthogonal to the cross-section in general are more important
from the point of view of spread rate of the flame.
A consideration on fuel thickness at this point is necessary; there is neither
a limit for thin and thick fuels or distinction between them in nature, it is
just artificial. Researchers have used this classification since the early studies
on flame-spread to simplify the problem and justify certain assumptions,
especially with the developing of micro-gravity applications, although it could
be confusing sometimes [2, 3, 13].
However, the assumption of thin fuel we made is due to the experimental
results obtained for this case, not because we tried to separate the problem
considering just a limiting case. Moreover, this assumption was convenient
for looking at the cross-section of the fuel as thermally uniform, in contrast
to what actually happen for thick fuels, where the flame may affect only one
side of the sample.
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Figure 1.2: Schematic representation of the flame-spread problem.
The typical situation encountered in a flame-spread problem is the one
shown in figure 1.2, where for convention the flame spreads from left to right
(even if the actual arrangement is vertical), and the problem is essentially
two-dimensional [3, 13,15,16].
The gas-phase heat transfer distributes the energy produced by the com-
bustion, while the mass transfer processes provide sufficient fuel and oxidizer
to the flame region supporting the reactions.
However, fuel supply is not easy to be described. Many times the fuel has
been considered as a “vaporizing solid”, that after reaching a fixed “vapor-
ization temperature” changes its phase and burns in the flame region; this
assumption allows to avoid complexities of melting and pyrolysis of the fuel,
but this model has been criticized because the vaporization temperature is
neither a constant or a property of the fuel, depending on specific heats,
chemical-kinetic constants, ambient pressure and temperature, etc., making
its dynamical computation very hard.
Constant vaporization temperature has been substituted with other mod-
els, but the mechanism of the flame-spread has not changed that much, and
other anomalies appeared. In this thesis a constant vaporization tempera-
ture was adopted for a qualitative description of the problem, as suggested
by many previous studies [2, 16,17].
With exception of near-extinction behavior, flames in a uniform opposed-
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flow field are stable in shape and attitude; this is not true for the initial
transient because of ignition, hence we did not consider it.
Flame scales and heat transfer are affected by numerous ambient factors,
like pressures, fuel temperature, oxidizer concentration and many others [16];
in this work we tried to keep constant all those variables, except velocity of
the opposing flow and fuel properties such as thickness and width, to focus
our attention on specific aspects that affect the flame-spread rate.
Assuming a uniform opposing flow field, the sample and the flow interact
in a well-known way, generating a different velocity field along the axis per-
pendicular to the fuel surface, in a region called boundary layer. Therefore,
the velocity along a straight line parallel to the surface changes on the basis
of the distance from the sample edge, regardless the presence of the flame.
Thus the flame experiences an increasing adverse flow velocity while is
spreading. Higher velocities mean lower residence time of the oxidizer in the
vicinity of the flame, beyond less heat transfer; therefore we expected that
the flame spread rate decreased [10,15].
Obtained results (reported in chapter 3) showed significant variations
in flame-spread rate for high flow velocities because of the large velocity
gradient perpendicular to the sample; from a qualitative point of view, the
flame-spread rate could be considered constant for the flow velocity range
starting from zero up to a certain value, even though slightly variations have
been found, but further increments in the flow velocity will lead for sure to
a decreasing spread rate [15].
In other words the flame-spread rate decreases with a rising opposed-flow
velocity, but for convenience many authors have referred to a stable region
going from zero velocity up to a certain value, on the order of 30-40 cm/s [18].
Matter of course of the decreasing flame spread rate was that at some
point it would have reached the zero value, but this was an ideal limit, because
it means that the virgin fuel is not going to sustain the flame anymore; before
reaching a zero spread rate therefore another phenomenon kicks in: the flame
extinction.
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Figure 1.3: Four different frames representing the ending part of an experiment
with an opposing flow of 70 cm/s.
1.4 Flame extinction
During the experiments oriented to the flame-spread study, in particular
when the flow velocity overcame a certain value, another phenomenon was
observed in the lowest part of the sample: the flame started to advance
irregularly and at some point it locally blew-off, as shown in figure 1.3.
Increasing the free stream velocity also the burning zone was more affected
by local blow-offs, and eventually a complete extinction verified.
A stimulating facet was that repeating the experiment in the same con-
ditions the extinction took place in about the same coordinate along the
sample, and the distance from the sample leading edge tended to augment
with increments of the upward velocity, as it will be discussed in chapter 4.
Two crucial aspects in extinction study then revealed their appearance:
• Flame-spread is not regular near extinction, and there could be a crit-
ical velocity that determines the beginning of this regime
• Flow velocity and the distance at which extinction verifies are related
As we will see in chapter 3, the residence time is inversely proportional to the
square of the flow velocity, while the chemical time is almost constant. As
long as the ratio between residence time and chemical time, named Damköh-
ler number, is large, the chemistry can be considered to be infinitely fast.
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Moreover, in the presence of a gravitational field and for moderate flow
velocities radiative effects on the heat transfer are negligible [1,6]. When this
is verified and the Damköhler number is large the flame is in the so-called
thermal regime.
On the contrary, when the residence time is akin to the chemical time
(condition raised increasing the flow velocity) the chemistry might not have
enough time for a complete reaction to occur, and the flame experiences the
kinetic regime.
Near extinction the flame is clearly in the kinetic regime, therefore the
chemistry cannot be deemed infinitely fast; the flame starts experiencing local
blow-off and the flame shape is highly variable, and eventually the complete
extinction would occur when the time available becomes insufficient for the
exothermic reactions to be sustained [15,16,18,19].
Many studies have been carried out to investigate flame extinction over
solid fuels, both numerical and experimental, but since the fundamental
problem is complicated and affected by numerous variables, researchers pre-
ferred to focus on single aspects and look at their role on the overall phe-
nomenon [19–23].
The goal has always been a general model for flame-spread including the
extinction, but the ones that have been proposed are valid only for particular
configurations [2, 9, 15]; many studies at first focused on fuel phase change
or heat transfer as the reason of extinction, but just few considered the
aerodynamic interaction as a critical aspect [5, 6, 10, 15,20].
In this work some of the results of those models will be used to investigate
the aerodynamic interactions between the opposing flow and the flame, with
particular regard on the effort to analyze the relation of flow-velocity and
extinction distance.
In chapter 4 a formula to compute the distance from the leading edge at
which extinction occurs will be proposed accordingly with the experimental
results and starting from the one introduced by Bhattacharjee et al. [19].
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Chapter 2
Experimental set-up
2.1 Flame Tunnel features
The needs to generate an opposing flow velocity field and to compare the
results already present in literature led to the design of the Flame Tunnel at
San Diego State University (SDSU), modeled after the vertical wind tunnel
used by Hirano and Sato for their experiments on flame spread rate [18,24].
The Flame Tunnel is basically a square-based vertical tunnel with a con-
vergent duct that connects the bottom and top parts, as shown in figure
2.1.
The Flame Tunnel can easily generate flow fields in a velocity range from
0 up to 100 cm/s thanks to four fans underneath it, controlled by a micro-
processor that follows the user input through a Matlab code we developed.
A good accuracy for velocity was required for collecting consistent data;
therefore two Resistance Temperature Detectors (RTDs) were placed next to
the sample holder. RTDs gave a voltage output, that after being amplified
could be used to obtain velocity values.
The sample can vertically fit in the upper part of the Flame Tunnel and is
ignited directly by the Matlab code user interface (or with a manual switch).
All the experiments were video-recorded with a camera mounted on a
bracket connected to the tunnel structure, and then videos were then pro-
cessed with image software to extrapolate anything was needed.
11
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Figure 2.1: The Flame Tunnel apparatus.
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Figure 2.2: Schematic representation of the Flame Tunnel main components.
Once the experiment ended it was easy to replace the sample, so it was
possible to run several experiments in a relative small amount of time; this
feature allowed us to get a large amount of data and to reduce uncertainties
of results.
Samples lied along the vertical direction, letting the flames to spread
downward and to experience the opposing flow generated by the fans at the
bottom.
The main components of the Flame Tunnel that will be described in this
chapter are represented in figure 2.2.
2.2 Design
As already said, the Flame Tunnel is squared based (20 × 20 cm) and con-
verges into a squared duct (10×10 cm) through bended surfaces. The height
is about 70 cm, and in the upper part the front wall was removed to allow
the mounting of a Plexiglas window, so it was possible to see and record the
experiments.
The flow inside the tunnel can be treated in first approximation as one-
13
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dimensional perfect incompressible gas flow, and neglecting initial transient
it can be considered in steady state.
With those assumptions we could easily compute the velocity ratio be-
tween the bottom and the top; starting from the mass continuity equation,
for having the same mass flow rate at the outlet and the inlet of the tunnel:
m˙ = ρ · V · A = const. (2.1)
Differentiating (2.1) and simplifying:
d(ρ · V · A) = 0 → dρ
ρ
+
dV
V
+
dA
A
= 0 (2.2)
As follows from our assumptions density is constant; therefore the related
term in equation (2.2) is equal to zero. Integrating velocity and area between
the bottom and top cross-sections of Flame Tunnel:∫ t
b
dA
A
= −
∫ t
b
dV
V
→ lnAt
Ab
= ln
Vb
Vt
Finally the velocity ratio is obtained and equal to:
Vt
Vb
= 4
Hence the required maximum velocity developed by the fans was at least
of 25 cm/s. To achieve this result a set of four computer fans was placed on
a steel plate to be mounted underneath the tunnel. The plate with the four
fans is shown in figure 2.3.
Fans used were Antec Tricool 92 mm, where the final number expresses
their diameter.
To reduce disturbances generated by the fans and obtain a laminar flow, a
flow conditioner, called laminarizer, was placed at 12 cm over the plate with
the fans. The laminarizer was developed to condition the flow by passing
the air through filter media to remove churn and honeycomb to remove swirl,
as shown in figure 2.4.
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Figure 2.3: Computer fans placed on a steel plate at the bottom of the Flame
Tunnel.
However, the filter media was easily flammable, and to reduce the risk of
fire (PMMA dripped sometimes, as we will see in chapter 4) it was replaced
with another honeycomb layer. The total thickness of the laminarizer was
about 35 mm, supported by four T-shape holders placed in the four edges of
the squared base.
To measure the internal flow of Flame Tunnel two RTD sensors (config-
uration 4, 100 Ω, platinum) were placed right below the sample holder (see
figure 2.5); this couple of sensors guaranteed good accuracy and precision
especially for low velocities, which was a requirement for experiments carried
on with Flame Tunnel.
The sensors were connected in a Wheatstone bridge where one RTD was
actively heated, so the resistance varies in accordance with the convection
associated with airflow, while the other one is not heated (no response to
changing flow velocity). The voltage difference given by the Wheatstone
bridge was then elaborated by the control software (it will be discussed later
in this chapter), which gave the velocity as output. The Wheatstone bridge
ensured that velocity could be determined regardless of small changes in room
temperature.
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Figure 2.4: On the left: profile cutaway of the laminarizer (artistic interpreta-
tion); on the right: the laminarizer assembly.
Figure 2.5: RTD sensors placed at the bottom of the sample holder.
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The sample holder design was critical for more than one reason. First of
all, it had to be designed in a way that allowed an easy changing of samples;
it was also important to minimize flow interactions inside the Flame Tunnel,
because they could have affected the flame; another significant requirement
was about the possibility of varying width and thickness of the samples.
Therefore it was chosen a completely flat sample holder, with a central gap
for sample burning.
The sample holder was divided in two parts: one was directly connected
with Flame Tunnel structure by four rings and with unchangeable geometry,
while the other was interchangeable (it can be seen in Fig. 2.1). The bottom
of sample holder almost coincided with the end of converging duct; in this
way it could be possible to exploit all the fully developed flow.
Ignition system was realized through a movable wire set up placed at
the top of the Flame Tunnel structure and connected with a power supplier
at 12 V . Ignition was controlled by the user thanks to the interface of the
Matlab code for the Flame Tunnel (see Fig. 2.6).
For a better understanding of the flow interactions inside the Flame Tun-
nel, the overall geometry (with the sample holder) modeled in SolidWorks was
imported into ANSYS Fluent, where 2D flow simulations were performed.
Assuming a reference system with the y-direction orientated along the
vertical direction of the tunnel and the x-direction perpendicular to the sam-
ple surface, it was used a second-order accurate model for pressure and mo-
mentum, an upwind discretization scheme, and the SIMPLE algorithm for
pressure-velocity coupling. Also 2D simulations with second-order pressure
and third-order momentum were carried out, still using an upwind discretiza-
tion scheme and the SIMPLE algorithm.
The result for the whole tunnel considering a bottom velocity of 40 cm/s
is shown below in figure 2.7
The velocity profile close to the leading edge was further investigated for a
better understanding of the behavior of the velocity field in the y-direction.
An upwind discretization scheme and the MUSCL algorithm with second-
order pressure and third-order momentum was used; in figure 2.8 is shown
the cold flow result about the leading edge with a bottom velocity of 40 cm/s.
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Figure 2.6: Graphical User Interface of the code running in Matlab, developed
for an easier control of the experimental apparatus.
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Figure 2.7: Contours of y-velocity on slice through z-axis, Pressure 2nd Order,
Momentum 3rd Order, Upwind, SIMPLE (velocity in m/s).
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Figure 2.8: Investigation of the behavior of cold flow near the leading edge of the
sample.
In figure 2.9 are shown the velocity profiles for three different locations,
at a distance of 5, 10 and 20 mm from the leading edge in the positive y-
direction. The graph axes are normalized: the x-axis expresses the distance
from the leading edge (x) respect to the dimension of the tunnel (D), and
the y-axis shows the flow velocity with respect to the velocity at the bottom
of the tunnel (bottom velocity, u∞). As previously stated, the expected ratio
between the velocities at the top and the bottom was about four, and has
been computationally confirmed.
Furthermore, it can be noted that the free stream velocity is actually very
close to the one detected by RTDs, especially for low velocities.
2.3 Velocity Control
Velocity control was realized by the communication between a Matlab code
and an Arduino Micro-Controller Unit (MCU). The running code in Matlab
in fact processes information arriving from MCU (collected values from RTDs
and fan speed) and the user can interact with that through the Graphical
User Interface (GUI); the scheme of this communication is shown in figure
2.10, while for the GUI refer to figure 2.6.
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Figure 2.9: Velocity profile at three different locations near the leading edge,
for two different velocities (represented velocity values are referring to the bottom
velocity).
Figure 2.10: Velocity control scheme, where the loop is repeated about ten times
per second.
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User can choose fan speed individually or together, and this allows obtain-
ing different kind of velocity fields or just to remove little flow irregularities.
MCU controls fan speed by a method called pulse width modulation
(PWM), and one PWM pin was assigned to each fan. PWM works by turn-
ing the pin on and off very quickly with an adjustable duty cycle. There
are 256 settings starting from 0 (always off) up to 255 (always on), and all
of the settings in between have some intermediate duty cycle. The pin is
either 5 V or 0 V and the setting determines how much time it spends on
each state. Since the MCU cannot produce enough power for the whole fan
system, each pin is connected to a transistor which controls the power from
the 12 V power supply.
RTDs give a voltage difference output, which is amplified and collected
by the MCU; the latter converts the voltage signal in a number from 0 to
1023 (ten bit resolution for the voltage output) that is visible in the “Raw
Output” box on the right side of the GUI (see Fig. 2.6). This value is used
by the code to compute a suitable velocity (expressed in cm/s) thanks to an
empirical equation derived with sensors calibration. Final velocity values are
displayed in the “Calibrated Output” box, under the “Raw Output” box.
The calibration process will be discussed in the appropriate section in
this chapter, on the basis of the article presented at the Experimental Fluid
Mechanics conference and reported in appendix B.
2.4 Data processing
Good data processing is as important as conducting good experiments. Fur-
thermore, recording all the experiments allowed us to analyze them with
image software and use them later to consider other aspects that were not
investigated the first time.
Videos were usually converted in a suitable format and then imported into
Matlab, where a running code that we developed could extract information
such as instantaneous flame-spread rate, profile and luminance of the flame
region and so on. The code had been validated by the comparison of a large
amount of processed data obtained with the NASA software Spotlight.
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An important feature of Spotlight was the manual tracking; indeed fol-
lowing the flame on the video was possible by clicking on the flame leading
edge in different frames, obtaining the advancement of the flame in pixel
versus frame.
Since we needed the flame position in millimeters as function of time, a
small ruler near the sample was included in the video as reference to change
pixel to millimeters. Frames were already related to the time by the camera
settings thanks to the frame/sec value. Finally, plotting the position values
versus time we obtained the flame-spread rate as the slope of the graph.
Evidently the process just described was relatively long, and managing
a large amount of videos could be hard; moreover, the manual tracking was
greatly affected by human errors, since the user had to click on arbitrary
points each time. Since we had a large amount of videos we preferred there-
fore using the Matlab code once we validated the results.
2.5 Calibration
Reducing uncertainties is in general very important for experimental appa-
ratuses, and in the case of the Flame Tunnel calibration of the RTD sensors
was crucial to achieve this aim.
As already said RTDs gave a voltage output based on the flow velocity,
therefore their relation should have been as accurate as possible.
To calibrate RTDs we used an anemometer, in particular the sensor was
the Omron D6F-W01A1 MEMS Flow Rate Sensor, which gives voltage out-
put from 1.00 to 5.00 V in a velocity range from 0 to 100 cm/s (further
operating characteristics are given in table 2.1).
The anemometer output was not linear: near zero velocity relatively high
changes in velocity corresponded to low changes in voltage. One challenge
was therefore to measure as well as possible the behavior of voltage as a
function of velocity, especially for low values of the latter.
Anemometer accuracy was not very high, and to overcome this issue it
was took advantage of another experimental apparatus built in SDSU about
two years ago: the Flame Tower. Before going further with the calibration
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Flow range 0 to 1 m/s
Operating output voltage (VDC) 1 to 5 VDC
Accuracy ±5% F.S. max. of detected
characteristics at 25 ℃
Repeatability ±0.4% F.S.
Compact size 39(L)× 20(W )× 9(H) mm
Weight 6.3 g
Table 2.1: Omron D6F-W01A1 operating characteristics.
process it is necessary a brief explanation about this second apparatus.
The aim of the Flame Tower was the same as that of Flame Tunnel:
generating opposing flows in the velocity range of 0-100 cm/s.
However, the working concepts are different: in the Flame Tower the
sample is placed on a cart (called FlameTracker) which is moving inside the
tower along a rail, while in the Flame Tunnel the sample is fixed and the
flow is generated by four fans. In the Flame Tower is possible to create also
concurrent flows, thanks to the upward motion of the cart, but since this
configuration is not part of this work it won’t be discussed.
Flame Tower is eight meters tall, and the maximum velocity the cart
can reach is 120 cm/s, with a maximum acceleration of 55 cm/s2 (over this
acceleration the flame extinguishes before reaching the desired velocity, it is
not a mechanical limit). Velocity and acceleration are the inputs needed in
the software that controls FlameTracker motion.
Velocity control mechanism in the Flame Tower must ensure that cart
velocity is constant through the entire length of travel and that commanded
velocity matches the actual cart velocity. These characteristics are important
because oscillations in cart velocity cause variations in the oxidizer velocity
seen by a flame propagating along a sample of fuel placed on a sample holder,
which is fixed to the cart [25].
Velocity calibration was accomplished with post-processing video analysis
on a frame-by-frame basis. First a measuring tape was placed along the
vertical rail inside the tower, then a Casio Exilim EX-FH20 camera was
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Figure 2.11: A reference line was used in the video processing to measure the
distance travelled by the cart as function of frames, which correspond to the time.
mounted on the cart pointing the rail.
The system was set with an acceleration of 100 cm/s2, which was the
highest reliable acceleration and the scale was filmed at 420 FPS at various
velocities. The videos from the camera were then imported into editing
software, where a line was overlaid over the videos to provide a reference
point (see Fig. 2.11).
The first and last points of the videos were cut just as the desired tick
mark passed the reference line, and then the number of frames and the trav-
elled distance were logged. Travel time was simply obtained dividing the
number of frames by 420, and the following division of the travel distance
by the time gave the cart velocity in cm/s. Obtained results of the video
calibration from 0 to 60 cm/s are shown in figure 2.12.
This is the procedure followed to calibrate the cart velocity, but nothing
about the actual velocity seen by the flame has been said. Velocity “experi-
enced” by the sample (and then the flame) depends on the cross section of
the cart and on the flow interaction between the tower structure (walls, rail
and counterweight conduct) and the cart.
For the current cart, named FlameTracker3, it was assumed that the
velocity seen by the flame was very close to the one of the cart itself, neglect-
ing any flow interaction. This assumption was suggested after the study on
the previous carts (FlameTracker1 and FlameTracker2 ) [25,26]; it has been
proven in fact that the ratio between the velocity seen by the flame and the
one of the cart was about 1.05.
The anemometer was then mounted on FlameTracker3 in place of the
edge of the sample, and data were collected with 5 cm/s steps for the range
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Figure 2.12: Measurements of cart velocity from video analysis.
from 0 to 40 cm/s and steps of 10 cm/s from velocity of 40 cm/s up to 100
cm/s (see figure 2.13).
After that the anemometer was placed at the edge of the Flame Tunnel
sample holder, and the fans speed was adjusted to reach voltage values as
close as possible to the ones of the curve in figure 2.13 (for a better compari-
son). In this way a new curve was obtained, with the voltage values from the
Flame Tower as abscissa and RTD values as ordinate in the graph, as shown
in figure 2.14.
From the combination of the results illustrated in figure 2.13 and figure
2.14, a curve for RTD values as function of velocity was obtained (figure
2.15), where for velocities over 100 cm/s data from RTDs factory were taken
as reference for a better understanding of the sensors behavior.
From curve of figure 2.15 a sixth-order polynomial data fit was extrapo-
lated and used for the formula that runs in the Matlab code, which rules the
Flame Tunnel velocity output.
To validate the new code additional tests were performed in order to
compare RTDs and anemometer values.
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Figure 2.13: Voltage data points obtained using nominal velocity of the cart as
input.
Figure 2.14: Voltage was used as input for obtaining the RTD values.
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Figure 2.15: Curve representing the output of RTD on the basis of nominal
velocity.
At the end of this procedure flame-spread rate data obtained with both
apparatuses were compared for being sure that the calibration was correct.
Experiments were video-recorded in the Flame Tower as in the Flame
Tunnel, and processed in Spotlight. Collected data for repeated experiments
were then averaged to compute the flame-spread rate for any velocity.
For thin fuels and low velocities, spreading values could be considered
constant under a wide range of conditions, also because the flame is in quasi-
steady conditions [18, 25, 27]. Hence, the curve representing the position of
the flame versus time should be linear, and the slope expresses the value of
flame-spread rate.
Results of flame spreading over filter paper samples were obtained in
the presence of an opposing flow velocity of 30 cm/s and 60 cm/s both for
the Flame Tunnel and the Flame Tower; sample width was 20 mm and the
thickness 180 µm. With the assumptions of a thin fuel and low velocities the
averaged data can be interpolated with a linear trend, obtaining constant
flame spread rates (table 2.2). The values of flame-spread rate are consistent
for the two cases, even though a little discrepancy was expected because
of the two different lengths of the samples. Indeed in the Flame Tunnel the
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Velocity 30 cm/s Velocity 60 cm/s
Flame Tower 1.676 1.415
Flame Tunnel 1.731 1.359
Table 2.2: Flame-spread rate obtained with a linear interpolation of the position
vs time diagram, expressed in mm/s.
sample is longer than in the Flame Tower, and the burning flame experiences
different flow velocities while is going downward, due to the boundary layer
effect [25].
Recent studies demonstrated that the distance of the flame from the
sample leading edge affects the velocity experienced by the flame leading
edge [19, 26], and consequently the flame-spread rate (we will discuss about
that in chapter 3). Thus, for a given opposed-flow velocity, the flame spread
rate depends on the burning part of the sample during the experiment. Since
in the Flame Tower the quasi-steady state condition before the cart reaches
the end of the track has a limited time, the burnt sample length interval is
not exactly the same of the Flame Tunnel (figure 2.16).
The results of the flame-spread rate suggested that the calibration had
been done correctly, even though the error of the anemometer in full scale
was relatively high and the detected flow velocity was not exactly the real
one.
Because of the fact that the two apparatuses were calibrated using the
same values of the sensors and in the same way, the comparison of the ob-
tained results was finally possible.
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(a)
(b)
Figure 2.16: The slope of the lines indicates the flame-spread rate. These graphs
were obtained from experiments with an opposed-flow of: (a) 30 cm/s; (b) 60
cm/s.
30
Chapter 3
Flame-spread study
3.1 Brief historical overview
Large amounts of theoretical and experimental work have been performed
to study the dependence of the flame-spread rate on opposing flow velocity
fields.
The first model was introduced by De Ris in his work [1, 3], where ne-
glecting the gravitational (buoyant) effects, he postulated a “vaporizing” solid
avoiding the complexities of a melting solid and its pyrolysis. In his theoret-
ical formulation he assumes the gas-phase ignition temperature lower than
the solid-phase vaporization temperature; therefore the flame touches the
surface and no fuel is vaporized until it reaches such temperature. As a con-
sequence, there is no fuel in front of the flame and no oxidizer behind it,
giving a spreading diffusion flame (even though he introduced the concept of
the triple-flame he didn’t use it in his model).
Moreover, in De Ris’ formulation it doesn’t matter whether the opposing
flow is induced or forced, because he employs the Oseen-flow assumption
(u = U∞, v = 0, p = const.). His well-known formulas for thin and infinitely
thick fuel cases are:
Vf = V∞
[
(rgy/rsy)γ
]2
(3.1a)
Vf =
√
2V?Ωsg
[
(rg/rs)γ
]
(3.1b)
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Where rg = [ρgcpgλg]1/2 and rs = [ρscsλs]1/2 are the thermal responsivities
of the gas and solid (the subscripts y in the first equation denote λgy and
λsy in the rg and rs relations), γ = (Tf − Tv)/(Tv − T∞) is the ratio of the
thermal enthalpy from the fuel to ambient, V? = αg/τ is the ratio of the solid
fuel thermal diffusivity and the solid fuel thickness, and Ωsg = λs/λg is the
solid-to-gas thermal conductivity ratio.
In the same period there appeared the experimental work of Lastrina
et al., who performed experiments in a forced opposed flow wind tunnel
[4]. They found that the flame-spread rate over PMMA increased for low
opposed velocities but that it decreased when the opposing flow was raised
beyond a certain value. Furthermore, they found out that sample thickness
was important for the flame-spread rate for low opposed-velocities; indeed
decreasing the thickness the flame advanced faster.
Important experimental contributions were given also from McAlevy and
Magee et al.’s [13, 43], that methodically measured the flame-spread rate in
opposing flows using a wind tunnel. They spent many efforts in the under-
standing of the aerodynamics importance on the spread rate, also because
they observed for the first time systematically that increasing the opposing
flow velocity the flame-spread rate would have decreased.
The infinite-rate diffusion flame analyses of De Ris and other researchers
were acknowledged to be incomplete because they were not able to describe
the behavior of the flame near the limit conditions and they did not agree very
well with experimental results [2, 3, 28]. Although Delichatsios successfully
proposed the exact solution of the De Ris’ formulation that satisfied better
the experimental results [29], other investigators such as Fernandez-Pello
preferred to introduce the finite-rate chemistry in their works on the flame-
spread calculation.
On the basis of their experiments, Fernandez-Pello and Williams hypoth-
esized that most part of the heat transfer ahead of the flame occurred through
the solid-phase period, which therefore guided the flame-spread rate [9, 30].
Their studies suggested that this is true only for low free-stream oxidizer
concentrations, such as for air.
However, later researches demonstrated that the heat flux through the gas
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was many times larger than through the solid even for the case of air [31,32].
For downward spread over thin fuels Hirano and co-workers demonstrated
that heat conduction through the gas dominates the spread processes [6,33];
yet, as the sample thickness increased, the flame-spread rate decreased to
an asymptotic value. Although available experimental data implied that
solid-phase conduction became dominant as the material thickness increased
[8, 9], later theoretical work and experiments contradicted this assertion, in
particular the work performed by Crescitelli et al. [34].
Frey and T’ien proposed a numerical solution of finite-rate chemistry,
assuming an Oseen flow like De Ris but discarding the constant vaporization
temperature in the gasification zone [6]. They determined that even for fast
kinetics there is always a distinct low-reactivity zone in the flame. They are
probably the first to correlate their spread rate results with the Damköhler
number, considering the infinite kinetics limit for large Damköhler number
and extinction limit for small Damköhler number.
The Oseen flow assumption was completely discarded by Parker in his
work [35]; he noticed that considering the boundary layer over the burning
surface there was a low opposed velocity region near the fuel surface, hence
the flame could propagate better since it might find less resistance.
Many authors tried then to replace the Oseen flow assumption with a
velocity gradient model [36], but contrary to the simplified De Ris model,
the velocity gradient model by itself was not capable of determining the
flame-spread rate [2].
It is interesting to mention the correlation of the flame-spread data with
the nondimensional flame-spread rate V , defined as the measured spread rate
divided by the theoretical value and the Damköhler number.
Altenkirch, Fernandez-Pello and colleagues realized that whether finite
rate chemistry analysis is a dominant factor a pure heat-transfer theory is
inapplicable, while for high reaction rates is unnecessary [6, 7, 37,38].
Results of Altenkirch and Fernandez-Pello for various ambient oxygen
concentrations were plotted on a graph with V along the y-axis and the
Damköhler number along the x-axis, getting a quantitative explanation for
the decrease of the flame-spread rate with an increasing opposed-flow velocity,
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observed by Lastrina et al. and then examined by Ray [2, 4].
Since the oxidizer concentration variation is not considered in this work
we do not report the graphs, but they can be found in figures 4a and 4b
in reference [2]. Even though there are weaknesses in those graphs, the
important conclusion is the graphical separation between the “heat transfer
regime” and the “kinetically-dominated regime” on the basis of the slope of
the curves.
The mentioned previous studies helped us to focus on particular aspects
of the problem rather than others, for instance the importance of the aero-
dynamics on the flame and its behavior for different flow velocities.
3.2 Spreading of diffusion flames
A flame spreading over samples of filter paper and PMMA has been identified
as a diffusion flame, although there is a blue region in front of the flame that
could persuade researchers that is a premixed flame [6,18,24,38]. In the triple
flame introduced by De Ris and developed by many authors there is a region
that can be considered as a premixed flame, where the vaporized fuel and the
oxidizer mix together before the ignition, but for our goals the assumption
of a diffusion flame is not unrealistic and makes the problem easier to be
analyzed.
As already said, the virgin fuel is heated up by the gas-phase and not
by solid-phase conduction; in the thermal regime the flame spreads quasi-
steadily under a wide range of conditions, such as oxygen concentration or
fuel thickness, and the flame front is decisive for the forward heat transfer
[5, 15,16,20].
For low and moderate opposing flows the gas-phase heat transfer at the
flame leading edge is governed by conduction, since radiation (both surface
and gas effects) has been proven not to influence the flame-spread for a
normal gravity level [12,16,19,39].
The flame front is the region more sensitive to the free-stream velocity
and then by the boundary layer over the sample, also because the interaction
between hot gases and cold flow has not yet completely developed.
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Figure 3.1: The flame will experience a velocity that is lower than one of the
free-stream, thanks to the presence of the boundary layer over the sample.
To quantify the dimension along the fuel bed (in front of the flame leading
edge) influenced by the heat transfer it is convenient to refer to the diffusion
length, which depends on the properties of the gas and on the oxidizer velocity
[6, 16]. Diffusion length is defined as:
Lg =
αg
Vr
(3.2)
Where αg is the thermal diffusivity and Vr is the oxidizer velocity at the
flame leading edge, resulting from the sum of the free stream velocity (Vg)
and the flame velocity (Vf ), as represented in figure 3.1.
One of the main effects of the opposing flow velocity is the variation
of the quantity of oxidizer reaching the flame respect to the case of natural
convection due to buoyancy (in micro-gravity only the forced flow is possible);
thus residence time can be related to the oxidizer velocity by:
tr =
Lg
Vr
(3.3)
According to equations (3.2) and (3.3) the residence time is inversely
proportional to V 2r , and must be sufficiently large respect to the chemical
time, which is required for the exothermic gaseous phase reaction to occur
and heat up the virgin fuel.
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Thus, if the Damköhler number is large enough, the chemistry can be
considered to be infinitely fast [2, 3, 16, 19].
Actually in diffusion flames there might always be a region of low reac-
tivity, and this has been identified by Frey et al. where the flame comes close
to the fuel surface; this introduces a finite-rate chemistry region even for the
thermal regime, but not extended to the entire flame [6].
On the other hand, in the case of flames facing relatively high opposing
flow velocities, the whole flame is affected by finite-rate chemistry [5]. This
condition eventually resulted – as observed in the experiments – in local
blow-offs of the flame during the final part of burning, with following relights
at first and complete extinction later. The flame-spread rate obviously was
not regular anymore, and therefore the final part of the experiments was
not considered in the results shown in this chapter (they will be analyzed in
chapter 4).
In our results there is no distinction between forced and naturally induced
flows, because the sensors revealed the flow velocity at the sample edge;
however, being buoyancy always present, in the graphs we referred the zero
velocity value to the forced flow. This is due to the fact that buoyancy affects
the region near the flame and the sensors couldn’t detect such a velocity at
relatively large distance. For the other data points with flow velocity we
considered the global velocity revealed by sensors.
In order to consider only the forced flow we could have burnt the samples
horizontally, but buoyancy effects are important for low flow velocities, dis-
turbing the symmetrical propagation typical of a flame spreading along the
vertical direction [38].
Relevant properties of the fuel samples used for experiments are summa-
rized in table 3.1.
According to the nomenclature used in this work, we refer to the type of
fuel with the first letter (“C” for cellulosic fuel and “PMMA” for the other),
to the sample thickness expressed in µm with the number following the fuel
type and the sample width is expressed in mm by the number after the letter
“W” (width).
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Thickness (µm) Density Width (mm) Length (mm)
Whatman®
Grade 1
180; 360 88 g/m2 20; 40 200
Whatman®
Grade 3
390 187 g/m2 20 200
PMMA 50; 75; 200 119 g/cm3 20 200
Table 3.1: Geometrical properties of the fuels samples used in the experiments.
3.3 Width effect
It was important to carry on experiments on the sample width effect on
flame-spread rate as feedback for the assumption of two-dimensional flames
(see chapter 1), and because it was the first step for the investigation on
the boundary layer effect; the other geometrical aspect, the thickness, was
studied later because it could had modified the velocity profile along the
sample and therefore the behavior of the flame.
The Flame Tunnel was then used at first to study the influence of the
sample width on flame-spread rate. Experiments were carried on using fil-
ter paper samples, precisely Whatman® Grade 1, with same thickness but
different widths (properties of this fuel are shown in table 3.1).
In order to warrant relatively high disparity between the two widths the
larger was twice as much the other one. Furthermore, for a better comparison
of the order of magnitude of flame-spread rate with results that had already
been obtained in the Flame Tower, one sample width had to be analogous to
the one of Flame Tower samples. Hence it was chosen to have 20 mm and 40
mm wide samples, since the lowest couldn’t be too small in order to avoid
lateral effects during combustion (wall quenching) and heat losses due to the
conduction through the sample holder. The metallic sample holder indeed
can absorb the heat coming from the flame and influence the flame-spread
rate as described in previous experimental works [5].
Experiments were carried out with an opposing flow velocity from 0 to
90 cm/s, with steps of 10 cm/s (the flow velocity during an experiment was
kept constant), and the relative data are shown in figure 3.2.
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Figure 3.2: Flame-spread rate dependance on the opposing flow velocity for two
different sample widths with the same thickness.
Looking at the graph two evident things are:
• Flame-spread rate values are congruous for the two widths (the max-
imum deviation between two data points is about 0.06 mm/s in the
case of an opposing velocity of 10 cm/s)
• Flame-spread rate is not constant with the rising free stream velocity,
but its behavior is regular
From the first point we concluded that the assumption of a two-dimensional
problem was consistent with experiment results, therefore the complexity of
our study could be reduced avoiding to take in account the sample width.
Yet the two-dimensional flame is a logical consequence of another as-
sumption we made, or rather the most heat transfer from the gas to the fuel
comes from the flame leading edge. Thus it follows that no matter how wide
is the sample, the flame-spread rate will be the same, because there aren’t
side effects.
The second consideration, found out by Lastrina, McAlevy and Magee et
al.’s in their experiments, will be discussed in the next section.
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Figure 3.3: Flame-spread rate results obtained for PMMA200.
3.4 Flow influence on spread rate
There are many reasons for which the flame-spread rate decreases with the
flow velocity. However, we can first focus our attention on the behavior shown
in figure 3.2; the flame-spread rate rises with a small opposing velocity such as
10 cm/s, but as soon as the velocity increases it starts decreasing. Therefore
there must be conflicting aspects related to the influence of flow field on the
flame-spread rate. The increase and subsequent decrease of the spread rate
was found also for PMMA, and the case of thickness of 200 µm is shown in
figure 3.3.
Intuitively, an increment in the opposing velocity means that a higher
mass flow rate can reach the flame zone, and then more oxidizer is available
to complete the reactions; higher mass flow rate could also imply better
mixing of oxidizer and vaporized fuel, accelerating the rate of reactions and
thus the spread rate.
Furthermore, it has been proven that for low opposing flow velocities
the upstream regions of diffusive transport are narrower and closer to the
gasification zone, facilitating the reactions [40].
Basically low counter flows help the flame at the beginning, because they
avoid heat and vaporized fuel to go away from the combustion region, with
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beneficial effects for the flame-spread rate.
From experimental results it is evident that those factors influence the
spread rate just for a really small opposing velocity; although the quantity
of oxidizer with higher velocities is greater, the time available to complete
the reaction (residence time) diminishes, because it is related to the diffusion
length and the flow velocity. Further reductions of the residence time lead
eventually to the kinetic regime, where the finite-rate chemistry must be
taken in account, since the residence time is comparable to the chemical
time; thus a general decrease in the spread rate verify.
Moreover, heat convection becomes much more important for higher flow
velocities; less heat coming from the hot gases can reach the fuel in front of
the flame leading edge, and the flame region itself varies.
The residence time hence decreases for two reasons; first, the increase in
velocity, and second the reduction of the diffusion length. Those two points
could explain the nonlinear behavior in the residence time relation found
before and reported here:
tr =
αg
V 2r
(3.4)
We can conclude that increasing in the velocity field are beneficial at first,
but very soon become disadvantageous, with a more than linear reduction of
the flame-spread rate.
3.5 Constant spread rate
One of the flame features that have not been mentioned is the actual dimen-
sion of the flame and its dependence on the flow velocity. Although the scale
of the flame does not directly control the flame-spread rate, experiments re-
vealed an interesting behavior that might explain the reason why many times
a constant flame-spread rate has been assumed for low opposing velocities.
Consider first filter paper and PMMA burning without forced flow, shown
in figure 3.4; thicker samples appear to have bigger flames than the others,
in particular for PMMA. This could be due to the more fuel available on the
cross-section, that vaporizing increases the region where reactions occur.
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Figure 3.4: Flames over the samples for a forced velocity set to zero. It is evident
that thicker samples generated bigger flames, in particular for PMMA.
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However, the previous situation changes a lot considering a moderate
flow velocity opposing the flame advancement. In figure 3.5 are represented
snapshots with a velocity of 50 cm/s, and it is evident which fuel thickness
has been more influenced by the flow.
For both fuels the flames over thicker samples have been considerably
reduced (C390 and PMMA200), while for the thinner samples the dimension
of the flames is about the same.
This behavior was confirmed by the experiments with a high opposing
velocity of 100 cm/s, as shown in figure 3.6. In this case only the flames over
PMMA are reported because this flow field was too fast to allow the filter
paper to burn, as it will be discussed in chapter 4.
From a visual analysis of the flames for different velocities we can deduce:
• The maximum flame dimension depends on the thickness of the fuel
(the wind aided flame-spread problem was not considered)
• Bigger flames appear to be more sensitive to the flow velocity
• Increasing the opposing flow velocity the flames over each fuel thickness
look more similar
These considerations could be interpreted considering the aerodynamic in-
teraction between the sample and the opposing flow in the following way;
consider first the case of zero forced velocity: as already said, the thickness
of the sample determines height and depth of the flame, which can be as-
sumed to be about the maximum dimension for the given conditions (oxidizer
mass fraction, pressure, etc.).
Assume now the presence of an opposed-flow field; the presence of the
sample generates the boundary layer over it, and the velocity inside that
region will be lower than the one of the free stream. As we said before, the
residence time is strongly dependent on the flow velocity, precisely on the
velocity approaching the flame leading edge. Decreasing the residence time
reactions will not be as fast as before, and the region where they occur will
be reduced.
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Figure 3.5: Flames over the samples for a forced velocity set to 50 cm/s. Flames
start to be similar for different fuel thicknesses.
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Figure 3.6: Flames over PMMA with an opposing flow velocity of 100 cm/s. The
flames in this case are very tiny and similar.
Therefore there would be a range of time for which the reactions start
experiencing the finite-rate chemistry, and this corresponds to a range of
critical velocities.
Since the flames over thicker fuels are bigger, they will experience a higher
velocity inside the boundary layer respect to the smaller flames, and the
critical value of the velocity might be overcame in the upper region. Hence
the reacting regions will diminish in their dimensions, while flames over the
thinner fuels are still facing a velocity that allows reactions to occur as fast
as before.
Further increments in the flow velocity will influence also the thinner fuels
and the flames over them, and at some point all the flames will look similar
because they are experiencing the same critical velocity.
From this simple model follows an important consideration; the flame-
spread rate is not directly affected by the dimension of the flame, but for
a given fuel thickness the flame-spread rate in the flow velocity range that
allows a constant dimension of the flame will be about constant. In other
words, if the flame over samples with a certain thickness has the same di-
mensions for a certain velocity range, the flame-spread rate is constant.
However, same flames over samples with different thickness generate di-
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verse results; this was expected because thicker the fuel and more mass to
be heated up and burnt there would be.
As matter of fact, the constant flame-spread rate for low opposing veloci-
ties assumed in many works is not completely exact, because this is true only
for fuel thicknesses below a value depending on the dimension of the flame
and the residence time, and therefore by the flow velocity.
It should be noted that the maximum dimension of the flame is not al-
ways verified for zero velocity, indeed a low opposing-flow velocity could be
beneficial for the flame, since more oxidizer reaches the reacting region and
the mixing would be easier.
3.6 Boundary layer effect
The most part of theoretical and numerical work has been done consider-
ing the flame-spread rate constant or at least stable for low opposing flow
velocities [2, 3, 16]. We have seen when this might be considered true, and
experiments showed that there is a dependence of the flame-spread rate on
the flow velocity field (as discussed in the previous section), even if the flame
is in the thermal regime.
Even though many researchers adopted the velocity gradient model to
analyze the flame structure and behavior, it is hard to find studies and ex-
perimental results about a varying flame-spread rate along a sample with the
opposing flow velocity field kept constant; this is also due to the fact that
many studies on the aerodynamic interaction between the flame and the op-
posing flow have been oriented to the micro-gravity environment [11,39,41].
Because of the boundary layer, the flame effectively experiences an ox-
idizer velocity that increases while it is spreading, in particular when the
flow exceeds a certain value. Therefore the spread rate will depend on the
coordinate of the flame along the sample and it is not constant neither for a
constant opposing velocity.
Actually for relatively high flow velocities the comparison of results might
be tricky; changing the sample length or taking one or another coordinate
range could lead to large differences in the flame-spread rate, even in ideal
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situations where experimental errors don’t exist. Hence the best way to
evaluate the different behaviors of fuels could be to let the flame burn without
forced flows, where only the buoyancy affects the flame.
For forced flows on the other hand also the length of the sample considered
between the initial and final points is important, because a longer interval
results in a different development length of the boundary layer and hence
another value of the velocity inside of it.
To investigate the influence on flame-spread rate of the distance from the
leading edge we ideally divided the experiment duration by two and computed
the spread rate on each part, both for filter paper and PMMA. We could have
divided the sample length instead of the time, but it was hard to do that
since the extinction lengths for relatively high velocities were larger than half
of the sample, as we will see in chapter 4.
In figure 3.7 are reported the results obtained by processing videos of
experiments with the Matlab code we developed that can read the position
of the leading edge of the flame throughout the initial and final points decided
by the user.
The final parts of the experiment videos were trimmed in order to avoid
the irregular behavior that the flame experiences near extinction; indeed the
flame-spread rate at extinction appears to be extremely sensitive to local
disturbances [5].
From figure 3.7 it is evident that the boundary layer effect becomes im-
portant increasing the flow velocity, in particular for thicker fuels. In those
cases indeed the gap between the flame-spread rate of the first and second
part seems to be higher. This is due also to the entrance of the flame in
the kinetic regime, which cause irregular advancement of the flame over the
fuel. Moreover, since thicker fuels reach extinction conditions earlier than
the thinner, their second part will be characterized by a much smaller spread
rate.
We can conclude that the boundary layer affects the flame especially for
thicker fuels and for higher flow velocities, but in general the spread rate
decreases as long as the flame is closer to the sample edge. The irregular
behavior of PMMA50 and PMMA75 will be explained later, and for now we
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can just concentrate on the difference between the first and second part of
the experiments.
Therefore, a flame spreading with an apparently harmless opposing flow
at a certain location could start to experience finite-rate chemistry or local
extinction at another location closer to the edge of the sample, changing
completely its behavior.
As a result, data on spread rate shouldn’t be independent on the length
of the sample, and for high velocities the instantaneous value changes a lot
from the averaged value, as we can deduce also from the graphs of figure 3.7.
3.7 Importance of the sample thickness
From a further analysis of figure 3.7 results that the flame-spread rate was not
the same for all the samples of the same fuel, even where the density is equal.
This suggests that the thickness plays an important role on the spreading of
the flame, as found also by other authors [13, 38]. For convenience in figure
3.8 are reported the averaged flame-spread rate for filter paper and PMMA.
Flames over thinner samples are faster than the others, and the values of
the advancement are about the same for similar thicknesses, such as in the
case of C360 and C390, or PMMA50 and PMMA75.
This behavior could be justified with the increasing amount of heat needed
to vaporize the virgin fuel in front of the flame; indeed, even if all the sam-
ples were quite thin, the thickness between C180 and C390 was more than
doubled, and PMMA200 was four times thicker than PMMA50.
Therefore more fuel was available on the cross-section, and the advance-
ment slowed down.
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(a)
(b)
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(c)
(d)
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(e)
(f)
Figure 3.7: Local flame-spread rate for both fuels and different thicknesses: (a)
C180, (b) C360, (c) C390, (d) PMMA50, (e) PMMA75, (f) PMMA200.
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(a)
(b)
Figure 3.8: Averaged flame-spread rate for filter paper (a) and the PMMA (b).
Spread rate values decrease with an increasing thickness of the sample.
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Chapter 4
Extinction
4.1 Experimental evidence
Many authors have investigated the difference between the free stream ve-
locity and the one that the flame experiences; the latter, called equivalent
velocity in previous studies, depends on the distance of the flame front from
the beginning of the sample tip, since it is related to the developed boundary
layer over the sample [19].
In this chapter it will be shown that the distance from the leading edge
at which extinction occurs, called extinction length (xd,ext), is related to the
flow velocity through a critical equivalent velocity (Veq,cr), assumed constant,
and a correlation between those quantities will be proposed.
The width effect on this correlation has been neglected on the basis of
what obtained in chapter 3.
Extinction experiments were carried out with the Flame Tunnel, using
both filter paper and PMMA as fuels, which samples length was about 23
cm; however, in order to avoid the flame behavior close to ignition and having
a quasi-steady flame spread the considered length was just 20 cm.
The first set of experiments analyzed was conducted using filter paper,
specifically Whatman® Grade 1, whose properties are shown in table 3.1.
Experiments were carried out changing the opposing flow velocity (main-
tained constant from the ignition to the extinction) with steps of 5 cm/s.
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xd
Figure 4.1: Average extinction length of the sample, where the starting point is
the right limit (x = 0 at the sample leading edge).
About fifteen samples were burnt for each flow velocity to ensure a suffi-
cient reliability on the results.
Each experiment was video-recorded, and the rest of the sample that
didn’t burn was photographed to get the information needed and to compare
it with analogous results.
The first important parameter that must be introduced is the extinction
length xd, defined as the average distance between the sample leading edge
and the contour of the extinguished flame, as represented in figure 4.1.
To compute the extinction length we imported pictures of the samples
in image software, ImageJ, which allows to get the external contour of the
sample and obtain the value of the unburnt area in mm2, (A); dividing that
by the width of the sample (W ), we easily gauged the mean distance. In
symbols:
xd =
A
W
(4.1)
Although the extinction was affected by random local blow-offs, it was
reasonable to affirm that the extinction length was similar for different sam-
ples that experienced the same opposed-flow velocity, as shown in the samples
picture of figure 4.2, where clearly the extinction distance was not the same
for different velocities.
Therefore the presence of a relation between the extinction length and
the opposed-flow velocity was investigated in a flow velocity range from 40
to 100 cm/s, with intervals of 5 cm/s. Those limits expressed the lowest
velocity at which extinction occurred for C180 and the maximum reliable
velocity achievable in the Flame Tunnel.
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(a)
(b)
Figure 4.2: Comparison of the extinction length for an opposing flow velocity of
65 cm/s (a) and 90 cm/s (b).
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Figure 4.3: Picture collage of the samples after extinction for different velocities,
which are expressed in the figure.
From a visual examination of the pictures of the samples shown in fig-
ure 4.3 and the relative data points in figure 4.4, the direct proportionality
between the extinction length and the velocity field is immediately clear.
Actually the plotted data in figure 4.4 are referred to samples with a
width of 20 mm while in the picture of figure 4.3 the samples have a width
of 40 mm, but they are absolutely interchangeable, as demonstrated by the
results shown in table 4.1. Indeed the width of the samples doesn’t affect
extinction, such as in the case of the flame-spread rate.
For high values of flow velocity, like in the range between 80 cm/s and
100 cm/s, the standard deviation was larger (referring again to Fig. 4.4),
probably because of small perturbations existing during experiments (such
as the flow interaction between the sample holder and the flame or an in-
stantaneous local change in the flow velocity) that became more important
in that range. In particular, for 100 cm/s many times the flame couldn’t
go farther than the beginning of the sample, generating uncertainties in the
result.
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Figure 4.4: Extinction lengths obtained for cellulosic fuel 20 mm wide and with
a thickness of 180 µm.
Flow velocity (cm/s) C180W20 (mm) C180W40 (mm)
40 4.95 4.38
45 4.52 6.58
50 6.67 7.63
55 10.54 10.97
60 19.24 20.61
65 28.15 26.07
70 38.23 45.31
75 55.65 51.28
80 71.18 74.97
85 87.23 83.13
90 116.26 111.27
95 132.29 129.05
100 167.20 167.51
Table 4.1: Averaged extinction lengths for C180 with a width of 20 mm and 40
mm.
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4.2 Equivalent velocity
Assuming the flow field inside the Flame Tunnel uniform and steady, the
flame will experience a changing velocity while it spreads downward; indeed
the boundary layer over the sample affects the flame in two ways. First, the
flow velocity at an height equal to the one of the flame front is lower respect to
the free stream; second, the flame leading edge experiences an increasing flow
velocity while spreading downward. Those aspects are particularly important
in the region close to the flame front, especially if the flame is embedded in
the boundary layer.
Thanks to a camera located on the side of the Flame Tunnel it was
possible to record the flame from this point of view while it was advancing
along the sample; videos were processed to evaluate the flame height and
compare it with the scale of the boundary layer.
Considering a cold laminar flow (Reynolds number is small, and before the
flame front the flow can be considered to be at an intermediate temperature
between the room and the adiabatic ones) we computed the boundary layer
thickness over the sample; the comparison of the flame and boundary layer
sizes, shown in figure 4.5, suggests that the flames were completely embedded.
From the side view it was also possible to verify that higher opposing
velocities coincided with narrower flames, which was supposed by observing
the experiments just with naked eye.
In first approximation the evaluation of the cold-flow velocity that the
external region of the flame (with reference to the fuel surface) experiences
at a certain location along the sample could be possible; however, that is only
an idealized velocity useful for a comparison, because near the flame leading
edge the boundary layer – or more precisely the gas properties to calculate
it – is affected by the heat transfer from the hot gases in the flame region to
the ambient and their expansion, and its computation would not probably
result very realistic.
A more refined numerical model devised by Bhattacharjee et al. refers to
an equivalent velocity inside the boundary layer as the one actually seen by
the flame.
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Figure 4.5: Comparison between the size of the flame and the boundary layer
over the sample for two different velocities.
The equivalent velocity has been scaled with the flow velocity, the Prandtl
and Reynolds numbers (as function of the distance from the sample leading
edge) and a non-dimensional relation has been found [19]:
Veq(x) ∼ Vg√
Pr (Rex)
1/n
(4.2)
Where n is unknown and the only independent coordinate is x, because the
equivalent velocity is considered at a distance y equivalent to Lg (see Fig.
4.6). In equation (4.2) there should be the oxidizer velocity Vr instead of the
flow velocity Vg, but the flame-spread velocity is on the order of mm/s, while
the flow velocity order of magnitude is cm/s; therefore:
Vr = Vg + Vf ∼= Vg since Vg  Vf (4.3)
Bhattacharjee et al. showed that setting n = 3 in equation (4.2) the computa-
tional results for different development lengths over a wide range of opposing
flow velocity correlated satisfactorily, but this wasn’t true in the case of the
experimental results of the present study, so we decided to find it following
another way, that will be discussed later in this section.
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Figure 4.6: Scheme of the problem considering the equivalent velocity computed
at a distance from the fuel surface equal to the diffusion length.
As previously stated, extinction occurs when the Damköhler number is
on the order of unity, or equivalently for a critical value of the residence
time (since the chemical time can be considered to be constant); thus, there
should be a critical value for the flow velocity to extinguish the flame.
However, as emerges from the experiments, the flame quenches at different
lengths on the basis of flow velocities; hence this critical velocity is not the
one of the flow. This conclusion suggested that whether a critical velocity
governed the extinction it would have been the equivalent velocity. The
possibility of a constant equivalent velocity was evoked by the variation of
both the distance from the sample edge and the flow velocity in a regular
way.
Supposing thus a constant critical equivalent velocity (Veq,ext) that the
flame faces during extinction, we can write:
Veq,ext ∼ Vg,ext√
Pr(Reext)1/n
=
Vg,ext
√
Pr
(
Vg,ext xd,ext
ν
)1/n ∼= c (4.4)
And:
Vg,ext ∼= c
√
Pr
(
Vg,extxd,ext
ν
)1/n
(4.5)
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Property Symbol Value
Density ρg 5.55× 10−1 kg/m3
Dynamic viscosity µ 4.03× 10−5 Kg/(m · s)
Specific heat cp 1183 J/(kg ·K)
Thermal diffusivity α 7.84× 10−5 m2/s
Thermal conductivity λ 5.15× 10−2 W/(m ·K)
Table 4.2: Gas property values used in the calculation of the experimental terms.
Figure 4.7: Behavior of the numerator and denominator of equation (4.4) for
different values of n, with the aim of finding a straight line passing through the
origin.
Since we assumed Veq,ext as constant, we expected a linear correlation between
the numerator and the denominator of equation (4.4), and both terms were
known being derived from experiments.
The properties of the gas used in the computation are listed in table
4.2 [19,42].
Plotting those values for different n, the linearity was best satisfied for
n ∼ 6 (Fig. 4.7).
Interpolating data for n = 6 with a straight line passing through the
origin we found a coefficient of about 30. The initial data points were not
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considered for the interpolation, because the extinction length for a velocity
of 40 cm/s was really small and could have been due to wall quenching (see
also Fig. 4.3); moreover, the line intercepts the origin because an eventual
additional constant can be neglected in equation (4.5).
4.3 An easy-to-use formula
Equation (4.4) expresses the proportionality between the equivalent velocity
at extinction conditions and the term given by experimental data. For a
qualitative study we can assume in first approximation the proportionality
in (4.4) equal to one; the coefficient of the straight line described in equation
(4.5) therefore corresponds to the extinction equivalent velocity:
Vg ∼ 30 · (
√
Pr (Re)1/6) ∼ Veq,ext(
√
Pr (Re)1/6) (4.6)
To verify the validity of equation (4.6) we tried to predict the other sets of
extinction length we obtained with experiments. The sample width doesn’t
affect equation (4.6), as it doesn’t influence the flame spread (see chapter 3
and extinction data summarized in table 4.1).
4.3.1 Thickness investigation
Another variable that could affect the equation (4.5) is the fuel thickness; the
filter paper used for this purpose was Whatman® Grade 3, whose properties
are shown in table 3.1.
The followed procedure in experiments was the same as for Grade 1, but
very soon the first difference appeared, and was that the flame experienced
extinction starting from an opposing velocity of about 20 cm/s. Extinction
lengths are shown in figure 4.8, where the solid line is the prediction using
the equation (4.6).
Referring to figure 4.8 the lack of the predicted extinction length is evi-
dent, therefore we needed to include the thickness in our study.
Another consideration that could be made looking at figure 4.8 is that
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Figure 4.8: Extinction lengths data for different flow velocities for cellulosic fuel
with thickness of 390 µm; the line to predict the trend was based on results for
C180W20.
the velocity range that interested extinction was shifted; furthermore, over
60 cm/s the extinction length seems to be independent on the free stream
velocity. This could be explained with the practical limit of the sample
length, in fact the flame extinguished right after it had been lighted; hence
it actually had already passed its extinction length.
Experiments were carried on also with filter paper Whatman® Grade 1
doubling the thickness (using two layers). Because of the air trapped between
the layers would aid the flame to catch on fire again after extinction, it wasn’t
easy at first to obtain consistent results, but after pressing the samples for few
hours and carefully placing them on the sample holder we obtained reasonable
data.
All the collected data for the different thicknesses of filter paper we used
are shown in the graph of figure 4.9.
The first thing clear from the graph was that increasing the thickness the
flow velocity required for the extinction was smaller.
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Figure 4.9: Extinction length results for all the cellulosic fuels used for experi-
ments.
4.3.2 PMMA data
The other solid fuel used for extinction experiments was the PMMA. The
procedure was exactly the same followed for the cellulosic fuel, and three
different thicknesses were considered: 50, 75 and 200 µm.
All the things said about the equivalent velocity are obviously general,
and in its computation for the case of PMMA we used the same property
values for air as in the case of filter paper.
A very similar constant in the relation of the critical equivalent velocity
was found for PMMA (of about 28 cm/s), even though the extinction lengths
for the different thicknesses were really diverse from the ones of the filter
paper (obtained extinction lengths for PMMA are reported in Fig. 4.10).
However, for PMMA there was an unexpected behavior: data points for
PMMA of 50 µm were on the left of PMMA 75 and 200 µm, in contrast with
the results obtained for the filter paper.
This could be due to the fact that PMMA50 is very thin and can be easily
bended; moreover, it attracts dust, and all of these characteristics generated
sometimes an irregular advancement of the flame and consequently varying
extinction lengths.
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Figure 4.10: Extinction length results for PMMA with different thicknesses (50,
75 and 200 µm).
In some test the flame over PMMA50 melted the fuel in front of it, which
dripped downward or formed “bumps” attached to the sample that advanced
at the same rate of the flame, modifying the structure of the boundary layer
and forming something like a fuel reservoir (already heated up). Pictures of
this kind of bumps are shown in figure 4.11
Since dripping and melting are processes excluded in our assumptions, we
didn’t consider data of PMMA50 as relevant. However, it is useful to consider
Figure 4.11: Tiny bumps formed along the flame front that modified the behavior
of the spreading flame, acting as an obstacle for the flow and as a fuel reservoir.
On the left the opposing velocity was 70 cm/, while on the right was 80 cm/s.
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the flame properties of PMMA50 as comparison with the other thicknesses,
as we will see later in this chapter.
4.4 Prediction of the extinction length
Extinction length and its relation with the flow velocity was investigated
with the aim of finding a better prediction formula that could agree with the
obtained results.
As already said, three different thicknesses were used for both the filter
paper and the PMMA. There wasn’t a particular reason to choose one value
or another for the sample thickness, hence the availability on the market had
driven the ones we used.
In the case of filter paper thickness was not the only property that
changed, indeed also the fuel density was different for Grade 1 and Grade3
(see Tab. 3.1), while for PMMA it was always the same.
Hence thickness and density might play an important role in equation
(4.4), since they are directly related to the amount of fuel available in the
combustion region.
Assuming again a constant equivalent velocity and substituting the same
value for extinction length of two different thicknesses of the same fuel in
equation (4.4), the ratio between the two free stream velocities (to the cor-
respondent power), was similar in all cases. Moreover, this ratio has been
noted to be very close to the square root of the thicknesses multiplied densi-
ties ratio, as shown below:
(Vg,τ1)
5/6
(Vg,τ2)
5/6
∼ const. ∼=
√
τ2ρ2
τ1ρ1
(4.7)
In other words, assuming a reference case for the paper, 180 µm of thick-
ness for instance, we obtained a value of the right hand side of equation
(4.4) that was equal for the other thicknesses considering the ratio written
in equation (4.7).
The obtained constant value times the right hand side of equation (4.4)
represent the equivalent velocity up to a multiplicative constant; however
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for our purposes it was important just the fact that the critical equivalent
velocity was actually constant, and see how it fit the results we had.
Starting from the case of filter paper, we took the 180 µm thick as ref-
erence; in figure 4.12 the obtained data and the prediction lines are shown
both for C360 and C390 samples.
It can be noticed that the final data points do not fit in the prediction,
but this was expected because the extinction occurred as soon as the sample
was lighted, suggesting that the extinction length was already overcame for
that flow velocity.
In figure 4.13 there is the overall behavior of the various thicknesses with
the relative prediction lines.
Analogous was the process adopted for PMMA, and also for this fuel the
ratio of equation (4.7) was constant (considering just the thickness since the
density was the same).
The reference thickness was 200 µm thanks to the very small standard
deviation; PMMA with thickness of 75 µm many times showed an anomalous
behavior due to melting and dripping like PMMA50, then we expected a little
deviation from the experimental data.
We can conclude this chapter saying that the relation we proposed satisfies
quite well the experimental results we had, except the case of PMMA50.
The interesting result is that the found relation, written below in his
final form, is valid for completely diverse fuels (with very different extinction
lengths), beyond different thicknesses of the same fuel.
Veq,ext ∼= c · Vg,ext
√
Pr
(
Vg,ext xd,ext
ν
)1/6 ·√ τ ρτref ρref (4.8)
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(a)
(b)
Figure 4.12: The predicted curve fits well the obtained results for (a) C360 and
(b) C390.
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Figure 4.13: Overall prediction for different thicknesses of the cellulosic fuel.
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(a)
(b)
Figure 4.14: Extinction lengths and relative prediction lines for (a) PMMA50
and (b) PMMA75.
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Figure 4.15: Overall prediction for different thicknesses of PMMA.
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Chapter 5
Conclusions
5.1 The flame-spread problem
The goal of this thesis was to show the importance of the aerodynamic effects
due to the opposing flow on downward spreading flames, both for flame-
spread rate and extinction problems.
The attitude toward the flow interaction in those problems has been
controversial since the initial debates on flame-spread; the most part of re-
searchers focused on the heat transfer and mass supply problems [15, 17, 18,
33], while not many papers mentioned the substance of the aerodynamic in-
teraction with the flame [10, 16, 43]; this work then should be interpreted in
the latter direction.
The Oseen flow assumption has been shown to be not adequate to describe
the problem, especially for the case of extinction [2]. Although the velocity
gradient model was introduced in the 1980s [30, 36], in literature there are
no experimental results that took into account the coordinate of the flame
along the sample, crucial to determine the velocity inside the boundary layer
that the flame faces.
No matter how important is the heat transfer between gas and solid
phases, it won’t never be independent on the variation of the velocity af-
fecting the flame; in other words, whether the velocity variation wouldn’t
have been a critical aspect, the flame would had just burnt or not along the
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sample, without its varying behavior in the downward direction.
The difference in the flame-spread rate along the sample is supported by
experimental results shown in chapter 3.
The possibility to look at the instantaneous flame-spread rate thanks
to the Matlab code and previous software such as Spotlight helped us to
investigate that variation for a large amount of tests in a relatively small
amount of time.
Before processing the videos we divided the experiment duration by two,
to analyze the different attitude of the flame advancement at the beginning
and the end of the test. The reason of this procedure was that over a certain
flow velocity flames experienced extinction, so it was easier to compute the
spread rate during an amount of time rather than on a region of the sample.
In this way the comparison between the attitude of the flames over the
same portion of the sample for different flow velocities and different sample
thicknesses was not possible; therefore, in future works, this limit should be
overcome finding a way to calculate the flame advancement over a length and
not time.
An easy solution could be to watch the videos and divide the sample in
at least four parts, and clock how long the flame takes to burn that section;
the problem of this solution is that for fast flames such as for PMMA or for
short portions of the sample the time would be very small and the human
error really large.
Another interesting conclusion of chapter 3 is the role of the flow velocity
on the sizing of the flame and the subsequent heat transfer from the hot gases
to the fuel.
What appears from the experimental results (both for cellulosic fuel and
PMMA) is that upper regions of the flames will be subjected at a certain point
to a critical velocity that determines the shrinkage of the burning region.
Therefore the flame dimension is related to the thickness and density of the
fuel, and it shrinks as soon as the opposing velocity reaches a critical value.
Moreover, the flame dimensions tended to be similar for different thick-
nesses of the fuel increasing the opposing velocity.
However, we have seen that same flame dimensions don’t coincide with
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same values of flame-spread rate, because fuel thickness and density are de-
cisive for that; anyway, flames stable in size over a specific fuel thickness
will result in a constant spreading rate regardless the flow velocity, until the
condition illustrated above is not reached.
The steady behavior that flames over thinner fuels showed for low op-
posing velocities probably misled many authors to consider a constant flame-
spread rate in the low velocity range without considering the kind of fuel and
more important the fuel thickness.
We can summarize the qualitative conclusions we have found:
• Flame-spread rate is steady as long as the flame dimension over the
sample is about constant
• The maximum flame size is determined by the thickness of the fuel,
being larger for thicker samples
• The flame size is affected by the flow velocity; after an initial increment
the flame region will shrink (for rising velocities)
• The flame-spread rate varies along the sample because of the boundary
layer, and the difference will be larger for thicker fuels
Future works
Future researches on this subject should investigate the relation between the
flame dimension and the spread rate for a given fuel thickness, and on the
value of the velocity at the top of the flame front to compare the consequent
residence time with the chemical time. In this way it should be possible to
verify if the flame shrank because of a critical velocity or just because the
opposing flow pushed the hot gases downstream.
The experimental results of this work could also help researchers to de-
velop theoretical and numerical studies for the dependance of the flame-
spread rate on the velocity inside the boundary layer, starting from a semi-
empirical law that describes the flame behavior in a particular sample region
for different free stream velocities.
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5.2 Extinction
In chapter 4 we faced the problem of flame extinction trying to qualitatively
describe the behavior of the flame in the boundary layer region.
We exploited the concept of the equivalent velocity inside the boundary
layer introduced by Bhattacharjee et al. and refined the formula that had
been proposed.
After having identified a critical equivalent velocity at extinction we as-
sumed that it was constant and we tried to predict the extinction length for
the other fuels, but in order to do that we had to introduce an extra term.
According to the fuel properties, we found that the extra term was equal
to the ratio of thickness and density of the considered fuel with reference to
another case of the same fuel but with different properties (Eq. (4.7)).
Therefore a formula has been proposed to find the extinction length of a
flame facing an opposing flow velocity field (Eq. (4.8)).
Using that formula it was possible to predict the extinction length for
each flow velocity starting from the knowledge of the thickness and density
of the fuel, with the help of a reference case.
Future work
In order to predict as good as possible the extinction lengths for other cases
it would very helpful to carry on more experiments, in particular for thicker
PMMA. This fuel indeed showed a more consistent behavior for the thickness
of 200 µm rather than the very thin films, that had an irregular behavior
due to melting and dripping in front of the flame, beyond the fact that it
was really hard to keep the samples flat.
Moreover, there are few points that should be better investigated, espe-
cially from a theoretical point of view:
• The physical meaning of the exponent n obtained from the graph of
figure 4.7 and used in equation (4.6)
• The value of the equivalent velocity discussed in chapter 4, that has
been defined up to a constant
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• The behavior of the extinction length as function of the flow velocity
for the range between 100 and 300 cm/s, that is achievable with the
Flame Tunnel but not yet calibrated
The value of the critical equivalent velocity could be derived from the
knowledge of the residence time and therefore of the chemical time, since at
extinction conditions their ratio is about unity.
Furthermore, the extinction length obtained for higher flow velocities
could clarify its trend and the value of the exponent n in equation (4.2).
Finally, on the basis of the experiments in this work, a model that gathers
together the flame-spread and extinction problems could be proposed, trying
to combine the aerodynamic effects (in particular the interaction of the flame
with the boundary layer) and the heat transfer between the gas-phase and
the virgin fuel in front of the flame.
5.3 Fundings
The present work was developed as part of the Solid Fuel Ignition and Ex-
tinction (SoFIE) project at San Diego State University (see Appendix A).
The research at SDSU is supported by a grant from NASA, with Dr.
David Urban serving as the contract monitor.
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Appendix A
The SoFIE program
Fire research in the space programs has always been critical from the begin-
ning of the space race.
The main reasons are that fire burns in a completely different way under
microgravity (experienced in orbiting spacecrafts) and that detecting and
handling an accidental fire on board could be very hard, if not impossible.
Moreover, with the beginning of manned missions, fire in space has be-
come life-hazardous and one of the principal issues, also because the atmo-
sphere inside a spacecraft is usually reach in oxygen, that could dramatically
assist the combustion.
On February 23rd in 1997, onboard of the space stationMir, a malfunction
of the Vika system – a chemical oxygen generator, later known as solid-fuel
oxygen generator (SFOG) – led to a fire which burned for a controversial
time and produced a large amount of toxic smoke in the station for a almost
an hour.
From that incident many efforts have been spent for the fire safety by all
the space agencies.
In 2009 NASA started the research program SoFIE (Solid Fuel Ignition
and Extinction), in order to investigate and better understand the flamma-
bility of solid materials.
From the SoFIE website we can read1: “NASA mitigates the risk of fire
with the implementation of NASA-STD-6001, which establishes program re-
77
quirements for evaluation, testing, and selection of materials to preclude un-
safe conditions related to flammability, odor, offgassing, and fluid compatibil-
ity. NASA-STD-6001 implements a 1-g flame propagation test for proposed
space flight materials which some researchers believe is not conservative in
low-g.”.
The objective of the research program is the study of ignition and flamma-
bility of common materials on spacecraft in realistic geometries and atmo-
spheric conditions.
For SoFIE five investigations were selected, with potential impacts such
as improvement of the Extravehicular activity (EVA) suit, selection of safer
cabin materials and validation of 1-g protocols for low-gravity fires, validation
of flammability numerical models and determination of optimal suppression
techniques for burning materials.
We report here the research areas and the investigators:
• Residence Time Driven Flame Spread (Prof. Subrata Bhattacharjee,
San Diego State University)
• Narrow Channel Validation (Prof. Fletcher Miller, San Diego State
University)
• Growth and Extinction Limit (Prof. James T’ien, Case Western Re-
serve University)
• Material Ignition and Suppression Test (Prof. Carlos Fernandez-Pello,
University of California Berkeley)
• Spacecraft Materials Microgravity Research on Flammability (Dr. San-
dra Olson, Glenn Research Center)
1http://spaceflightsystems.grc.nasa.gov/SOPO/ICHO/IRP/FCF/Investigations/SoFIE/
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Appendix B
Conference article
In this appendix is reported the article that was presented by the author of
this thesis in November at the Experimental Fluid Mechanics 2014 Confer-
ence, in Czech Republic.
Results of the following article have been the basis of the work carried
out in this thesis, since it is about the calibration of the Flame Tunnel that
represented the first step of our research.
This article will be available online on the “European Physical Jour-
nal (EPJ) Web of Conferences” (http://epjwoc.epj.org) during the current
year.
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Two different approaches for creating a prescribed opposed-flow velocity 
field for flame spread experiments 
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Abstract. Opposed-flow flame spread over solid fuels is a fundamental area of research in fire science. 
Typically combustion wind tunnels are used to generate the opposing flow of oxidizer against which a laminar 
flame spread occurs along the fuel samples. The spreading flame is generally embedded in a laminar boundary 
layer, which interacts with the strong buoyancy-induced flow to affect the mechanism of flame spread. In this 
work, two different approaches for creating the opposed-flow are compared. In the first approach, a vertical 
combustion tunnel is used where a thin fuel sample, thin acrylic or ashless filter paper, is held vertically along 
the axis of the test-section with the airflow controlled by controlling the duty cycles of four fans. As the sample 
is ignited, a flame spreads downward in a steady manner along a developing boundary layer. In the second 
approach, the sample is held in a movable cart placed in an eight-meter tall vertical chamber filled with air. As 
the sample is ignited, the cart is moved downward (through a remote-controlled mechanism) at a prescribed 
velocity. The results from the two approaches are compared to establish the boundary layer effect on flame 
spread over thin fuels.  
1 Introduction  
The term “flame spread” indicates the rate of flame 
movement across a fuel surface that typically has small 
scales (on the order of centimeters). Much effort has been 
spent to obtain a better understanding of flame spread 
rate in different conditions, especially with an opposing 
flow, due to the fundamental nature of the problem and 
its implications for fire safety, [1-4]. However, in 
literature, there are not many studies on the influence of 
the aerodynamic boundary layer on the flame spread, [5]. 
To investigate the importance of this aspect, and 
particularly its effect on the flame extinction, two 
different apparatuses have been built at San Diego State 
University (SDSU), and they are presented in this work. 
The purpose of the two apparatuses, named “Flame 
Tower” and “Flame Tunnel”, is the same: generate an 
opposing flow in the velocity range of 0-100 cm/s. The 
working concept is different: in the Flame Tower the 
sample is placed in a cart (called FlameTracker) which is 
moving inside the tower, while in the Flame Tunnel, the 
sample is fixed and the flow is generated by four fans. 
The Flame Tower is eight meters tall, and the cart 
can reach the maximum velocity of 120 cm/s, with a 
maximum acceleration of 55 cm/s2 (over this acceleration 
the flame extinguishes before reaching the desired 
velocity). The two inputs for the software that controls 
the cart motion are velocity and acceleration. In addition 
the width of the fuel sample can also be selected. 
Experiments are video-recorded, and then analyzed with 
an image software analyzer (Spotlight) to extract the 
needed data. 
The Flame Tunnel also allows for the sample width 
to be chosen, but the input is the rotational speed of the 
fans. Sensors placed at the bottom of the sample holder 
are used to determine air velocity, and the desired 
velocity can be established in one or two minutes. The 
maximum reliable velocity obtainable in the tunnel is 100 
cm/s, but in the future, new calibrations could increase 
this limit. 
The design of the Flame Tunnel refers to the one 
introduced by T. Hirano, for his experiments on flame 
spread rate, [4]. More recent advancement in technology 
have lowered the cost and effort required to construct 
such a device. As in the Flame Tower, experiments are 
video-recorded and then analyzed with Spotlight. 
The flame leading edge velocity is close to the one 
shown by the sensors in both cases, but not equal, due to 
the flow interaction with the cart and the walls (for the 
Flame Tower) and the walls (for the Flame Tunnel). 
Regarding the Flame Tower, this difference has been 
proven to be small, both computationally and 
experimentally, [6]. The difference in leading edge 
velocity in the case of Flame Tunnel is also small, and 
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that will be proven in this paper. At the end of this work 
are the results from flame spread rate experiments, which 
were obtained using filter paper. They are shown with an 
opposing flow velocity of 30 and 60 cm/s and are 
consistent for the two different approaches. 
2 Flame Tower calibration 
The Flame Tower allows the translational motion of a 
cart to be set to a desired velocity along a vertical rail. 
The software control is realized through a Matlab 
application we developed, and it runs in a PC connected 
to the tower. This software directly controls a Parker 
COMPUMOTOR AX indexer that drives a Parker 
COMPUMOTOR Model M106-178 DC motor mounted 
at the top of the Flame Tower. The indexer also controls 
position, velocity, and acceleration of the cart, [6,7]. 
The purpose of the velocity control mechanism is to 
ensure that the cart velocity is constant through the entire 
length of travel and that the commanded velocity matches 
the actual cart velocity. These characteristics are 
important because oscillations in cart velocity cause 
variations in the oxidizer velocity seen by a flame 
propagating along a sample of fuel placed on a sample 
holder, which is fixed to the cart. 
Velocity calibration was accomplished with post-
processing video analysis on a frame by frame basis. First 
measuring tape was placed along the vertical rail inside 
the tower. Then a Casio Exilim EX-FH20 camera was 
mounted on the carriage pointing the rail. The system was 
set with an acceleration of 100 cm/s2, which was the 
highest reliable acceleration and the scale was filmed at 
420 FPS at various velocities. The videos from the 
camera were then imported into editing software, where a 
line was overlaid over the videos to provide a reference 
point. The beginning and ending points of the videos 
were cut just as the desired tick mark passed the reference 
line, and then the number of frames and the travelled 
distance were logged. Travel time was obtained dividing 
the number of frames by 420, and the following division 
of the travel distance by the time gave the cart velocity in 
cm/s. Obtained results of the video calibration are shown 
in Figure 1. 
 
Figure 1. Measurements of cart velocity from video analysis. 
This is the procedure followed to calibrate the cart 
velocity, but nothing about the actual velocity seen by the 
flame has been said. Velocity “experienced” by the flame 
depends on the cross section of the cart and on the flow 
interaction between the tower structure (walls, rail and 
counterweight conduct) and the cart. 
For the current cart, named FlameTracker3, it was 
assumed that the velocity seen by the flame was very 
close to the one of the cart itself, neglecting any flow 
interaction. This assumption was suggested after the 
study on the previous carts (FlameTracker1 and 
FlameTracker2), [6,7]; it has been proven in fact that the 
ratio between the velocity seen by the flame and the one 
of the cart was about 1.05. 
3 Flame Tunnel sensors calibration 
The Flame Tunnel velocity control is based on the 
communication between a running code in Matlab and an 
Arduino micro-controller (MCU). 
To detect the internal flow of the Flame Tunnel two 
Resistance Thermal Detector (RTD) sensors were placed 
right below the sample holder: the velocity detected by 
sensors is very close to the actual one seen by the flame 
at sample leading edge. This couple of sensors guarantees 
good accuracy and precision especially for low velocities, 
which is a requirement for experiments carried on with 
Flame Tunnel. 
The sensors are connected in a Wheatstone bridge: 
one of the RTDs is actively heated, so the resistance 
varies in accordance with the convection associated with 
air flow, while the other one is not heated (no response to 
changing flow velocity). The voltage difference given by 
the Wheatstone bridge is amplified and collected by the 
MCU, which converts the signal in a number from 0 to 
1023 (ten bit) and communicates with a program 
developed in Matlab that converts the voltage signal into 
velocity. The Wheatstone bridge ensures that velocity can 
be determined regardless of small changes in room 
temperature. 
RTDs were calibrated using the velocity-calibrated 
Flame Tower. An anemometer was placed on 
FlameTracker3 in place of the leading edge of the 
sample. The sensor used is an Omron D6F-W01A1 
MEMS Flow Rate Sensor, which gives voltage output 
from 1.00 to 5.00 V in a velocity range from 0 to 100 
cm/s. For velocity range from 0 to 40 cm/s data were 
collected with 5 cm/s steps, for the range from 40 to 100 
cm/s steps were 10 cm/s (Figure 2). 
The anemometer was then placed at the leading 
edge of the Flame Tunnel sample holder, and the fan 
speed was adjusted to reach voltage values as close as 
possible to the ones of the curve in Figure 2 (for a better 
comparison). 
Using collected data and the trend of Figure 2 to 
compute velocity values from voltage output, a curve for 
RTD values as function of velocity was obtained (Figure 
3). 
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Figure 2. Anemometer output (voltage) as function of 
different velocities of FlameTracker3. 
 
 
Figure 3. Data plot used for the calibration of RTDs in the 
Flame Tunnel. 
 
A sixth-order polynomial data fit was extrapolated from 
the curve of Figure 3, and it was used for the code that 
runs in the Matlab code. For velocities over 100 cm/s 
data from RTDs factory were taken as reference for a 
better understanding of sensors behavior. 
To validate the new code additional tests were 
performed in order to compare RTDs and anemometer 
values. 
4 Simulations for flow interactions 
The Flame Tunnel geometry (with the sample holder) 
was modeled in SolidWorks and imported into ANSYS 
Fluent, where 2D flow simulations were performed to 
compare computational results against analytical and 
experimental. 
Assuming a reference system with the y-direction 
orientated along the vertical direction of the tunnel and 
the x-direction perpendicular to the sample surface, an 
accurate investigation of the flow behavior near the 
leading edge was realized using the MUSCL algorithm. 
The result of the simulation performed with 
pressure at second order and momentum at the third order 
is shown in Figure 4, considering a uniform flow velocity 
of 40 cm/s at the bottom of the tunnel. 
Since the area ratio between the two cross-sections 
of the tunnel is four, the resulting flow near the sample 
from a simplified 1D analytical approach is about 160 
cm/s, as confirmed by the simulations. 
 
 
Figure 4. Pressure 2nd order, momentum 3rd order simulation 
of the flow inside the Flame Tunnel near the leading edge, using 
MUSCL algorithm. 
 
The velocity profile close to the leading edge was further 
investigated to have a better understanding of the 
behavior of the velocity field in the y-direction. In Figure 
5 are shown the velocity profiles for three different 
locations, at a distance of 5, 10 and 20 mm from the 
leading edge in the positive y-direction. The graph axes 
are normalized: the x-axis expresses the distance from the 
leading edge (x) respect to the dimension of the tunnel 
(D), and the y-axis shows the flow velocity with respect 
to the velocity at the bottom of the tunnel (bottom 
velocity), u∞. As previously stated, the expected ratio 
between the velocity seen by the flame and the one at the 
bottom was about four, and has been computationally 
confirmed. 
Referring again to Figure 5, it can be noted that the 
velocity seen by the flame is actually very close to that of 
the flow field. Thus, the assumption that RTDs can sense 
a velocity very close to the one seen by the flame is 
reasonably satisfied, especially for low velocities. 
 
 
Figure 5. Velocity profile at three different locations near the 
leading edge, for two different velocities (represented velocity 
values are referring to the bottom velocity). 
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5 Flame spread comparison 
The procedure to obtain flame spread rate data from 
experiments with the Flame Tower and the Flame Tunnel 
is the same. 
Once the recorded video of the experiments are 
imported into Spotlight, it is possible to track the flame 
leading edge location at different frames, which 
correspond to time steps. The collected data are then 
averaged to obtain the flame spread for every velocity. 
For thin fuels and low velocities, the flame spread 
rate could be considered constant, because the flame is in 
quasi-steady state conditions. Hence, the curve 
representing the position of the flame versus time should 
be linear, and the value of flame spread rate is expressed 
by the slope, [4,7]. 
Results of flame spread for filter paper samples 
were obtained in the presence of an opposing flow 
velocity of 30 cm/s and 60 cm/s both for the Flame 
Tunnel and the Flame Tower; sample width was 20 mm 
and the thickness 180 µm. With the assumptions of a thin 
fuel and low velocities the averaged data can be 
interpolated with a linear trend, obtaining constant flame 
spread rates (Table 1). 
Table 1. Flame spread rate obtained with a linear interpolation 
of the position vs time diagram, expressed in mm/s. 
 
 Vel. 30 cm/s Vel. 60 cm/s 
Flame Tower 1.676 1.415 
Flame Tunnel 1.731 1.359 
 
The values of flame spread rate are consistent for the two 
cases; a little discrepancy was expected because of the 
two different lengths of the samples. In the Flame 
Tunnel, the sample is longer than in the Flame Tower, 
and the burning flame experiences different flow 
velocities while is going downward, due to the boundary 
layer effect, [5]. Recent studies demonstrated that the 
distance of the flame from the sample leading edge 
affects the velocity experienced by the flame leading 
edge, [8], and consequently the flame spread rate. Thus, 
for a given opposed-flow velocity, the flame spread rate 
depends on the burning part of the sample during the 
experiment. Since in the Flame Tower the quasi-steady 
state condition before the cart reaches the end of the track 
has a limited time, the burnt sample length interval is not 
exactly the same of the Flame Tunnel (Figure 6). 
 
 
Figure 6. The slope of the lines indicates the flame spread rate. These graphs are obtained from experiments with an opposed-flow 
of: a) 30 cm/s; b) 60 cm/s.
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The results of the flame spread suggest that the 
calibration was done correctly, even though the error of 
the anemometer in full scale is relatively high and the 
detected flow velocity is not exactly the real one. Because 
of the fact that the two apparatuses were calibrated using 
the same values, the comparison of the obtained results is 
possible. 
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